Introduction
Many of the remarkable optical properties offered by metallic nanoparticles (NPs) arise because of the excitation of surface plasmon (SP) resonances. Plasmons are the collective coherent excitation of conduction electrons [1] and surface plasmons are a sub-set whose nature is dictated by the interaction of conduction electrons with the interface between a metal and a dielectric medium [2] . The rich variety of SP resonant modes seen in metallic NPs is brought about by the dependence of SP excitation with the NP shape, size, composition and environment. Such dependence has led to many proposed applications, including (a) chemical and biochemical sensors which make use of the property that the energy at which the SPs occur depends on the dielectric function of the surrounding environment [3, 4] , (b) surfaceenhanced Raman spectroscopy (SERS) substrates that rely on the ability of SPs to enhance the local electric field increasing enormously for example the Raman response of molecules, and (c) nanophotonic waveguides [4, 5] which enables the SP to couple with surface roughness and be converted into electromagnetic radiation (and vice versa) [2, 6] .
Most of these applications are dependent on the sub-wavelength spatial variations of the SPs induced in the metal NPs. It is therefore of paramount importance to understand such variations using characterization techniques that offer sufficient spatial and energy resolution to access this information.
SPs have been studied for the most part by light optical excitation, using either reflective or absorption experiments [2] . Only in recent years, thanks primarily to improvements in energy resolution given by the introduction of electron monochromators on commercial transmission electron microscopes (TEMs) [7] , has electron energy-loss spectroscopy (EELS) [8] begun to be used routinely as a complementary technique to light-induced SP excitation and analysis; recent publications on the direct mapping of SP resonant modes on metal nanoparticles by EELS include references [9] [10] [11] [12] [13] [14] [15] . The advantages of probing optical excitations with electrons include the possibility of much higher spatial resolution [6] (through the small De Broglie wavelength of the electron beam) and the ability to excite all possible SP modes (both bright and dark modes [16, 17] ).
All the measurements reported in this article are based on the technique of energy filtered TEM (EFTEM), where SP resonant modes are excited using parallel illumination with a series of images acquired, each of which is formed using electrons that have lost energies within a small range (in this study 0.23 eV), selected by an energy window in the spectral plane [8, 18, 19] .
Metallic nanorods with "sub-wavelength" dimension (i.e. with dimensions smaller than the wavelength of emitted light) can be used as nano-antennae. Theoretical work [20, 21] and initial experimental measurements [15, [22] [23] [24] illustrate the great interest in, and potential of, such systems. We have therefore undertaken a detailed energy-loss spectroscopy study of an isolated silver nanorod acting as a nano-antenna, mapping the spatial variation of SP excitations along the nanorod using EFTEM and with detailed analysis of important spatial parameters and features of the SP resonance.
Materials and Methods
Silver nanoparticles in solution were synthesized via polyol synthesis, following the preparation reported in [25, 26] . The majority of nanoparticles present in solution have an elongated rod shape, i.e. they are solid cylinders with approximately hemi-spherical ends, one example of which can be seen in Fig. 1 . The nanorods studied have aspect ratios varying from 2 to ca. 100, with the minor axis (diameter) of the rod being of the order of 50 nm for nearly all rods. A minority of particles have shapes of higher symmetry, such as triangular prisms, pyramids, cubes and spheres. For TEM sample preparation a drop of solution was dried on a 30 nm thick silicon nitride membrane purchased from Agar Scientific, used as a TEM substrate. In EFTEM, a parallel electron beam interacts with the specimen and the transmitted electron beam is sent into a magnetic energy-loss spectrometer where it is dispersed, via the Lorentz force, into its spectral components, producing an electron energy-loss (EEL) spectrum. An energy-selecting slit is then used to define an energy window of the spectrum, so that only electrons transmitted through that window are used to form the final image. By moving the energy window across the spectrum a series of energy-loss images can be acquired, leading to a 3D (x, y, ∆E) data cube [8, 18] .
EFTEM measurements were carried out at the StEM facility, at the Max Planck Institute for Intelligent Systems in Stuttgart, Germany, using the Zeiss SESAM FEG-TEM [19] operated at 200 kV, fitted with a monochromator and the high-transmissivity in-column MANDOLINE filter [27] . The monochromator was used to achieve an energy spread in the beam of 0.06 eV (FWHM of zero-loss peak). The energy selecting slit used was 0.23 eV wide. EFTEM series were acquired using a routine, written in-house at StEM, using Gatan Digital Micrograph scripts, that allows the automated acquisition of EFTEM series, given the initial and final energy loss and the width of the energy window, adjusting exposure time. Specimen drift was corrected using a Digital Micrograph script described in [28] . The initial and final energies chosen for the measurements presented in this paper are 0.0 eV and 4.0 eV, to cover all the possible low energy excitations between pure elastic scattering (zero energy loss) and the 3.8 eV silver volume plasmon and interband transition [29] .
Results and Discussion
In this article we report on measurements and analysis of SP resonant modes of a single silver nanorod of aspect ratio 14.2 (diameter 47 nm and length 666 nm), shown in Fig. 1(a) . The particular geometry of elongated rod particles has been chosen, amongst others present in the nanoparticle solution, for the clarity of the spectral and spatial features excited, as can be seen in the selected-area energy-loss spectra of Fig. 1 (b) and the acquired EFTEM series in Fig. 2 . Figure 1 (b) shows unprocessed selected area electron energy-loss spectra of different regions along the nanorod, highlighted in Fig. 1(a) . The spectral features vary dramatically with position along the nanorod with their spatial extent revealed in Fig. 2 . Note that the spectra at the left and right ends of the nanorod (in blue and red, respectively) are slightly different. This is due primarily to the slight non-isochromaticity across the field of view and seen most clearly in the lowest energy loss image (0.9 eV) in Fig. 2 (top left image) where an intensity ramp produces an asymmetry of the image. The low-loss features seen in Fig. 2 have the clear configuration of standing waves, or resonant (cavity) modes. Using a simplistic model we can define the mode index m as being λ sp = 2L/m, where λ sp is the wavelength measured on the nanorod and L is the length of the nanorod [1, [22] [23] [24] . In Fig. 2 , SP resonant modes from m = 1 (the 'fundamental' mode) to m = 6 are clearly discernible in the EFTEM series. Modes with higher m index (i.e. higher energies) are not distinguishable in this series, due to the width of the energy window (0.23 eV) being too large to enable higher frequency modes (m≥7) to be imaged clearly.
The high spatial resolution available with EFTEM maps enables key physical information to be extracted regarding the properties of SP waves at the nanoscale. By measuring the spatial wavelength λ sp seen at each energy loss (i.e. for each SP mode) the SP dispersion relation (energy E of the modes as a function of the modulus of the wavevector k) can be determined experimentally for an individual nanorod. In the particular case we study, the wavevector is always associated with the waveguide mode of the nanorod guided along the axis of the rod. Thus, we can safely treat the wavevector k as a scalar quantity, the wavenumber k. The dispersion relation extracted from the experimental data of Fig. 2 is shown in Figs. 3(a) and 3(b) (green circles and red crosses). The wavenumber k is determined directly by measuring the distance between two antinodes (maxima of intensity, equal to λ sp /2) just above and below the nanorod and taking the mean value for a given mode; the wavenumber k is given by k = 2π/λ sp . The real and imaginary parts of the wavenumber k are determined by fitting the intensity line profiles of a given mode, assuming that the SP standing-wave can be described by a damped Fabry-Pérot system. The imaginary part of k is determined to be equal to the damping constant that causes standing waves further away from the end points to have smaller intensities. In order to better understand the underlying physical processes occurring at the nanoscale, we have modelled theoretically the SP dispersion using full electrodynamics simulations obtained by the use of COMSOL Multiphysics, following the description found in [30] . To model the optical behaviour of the sample (constituted by a finite 666 nm long and 47 nm wide silver nanorod resting on 30 nm silicon nitride membrane) we have used, as an initial approximation, an infinitely long, 50 nm wide silver nanorod in vacuum, introducing, as a This is the first result, to our knowledge, where the influence of retardation and substrate effects has been clearly demonstrated by both experiments and simulations for a SP dispersion for an individual nanorod. It is clear that both effects must be considered alongside others already identified in the literature, such as shape, size and composition to understand fully SP dispersion.
Direct measurement of the SP decay length in vacuum
SP resonances give rise to an oscillating electromagnetic field that is exponentially decaying perpendicular to the relevant metal-dielectric interface [2, 5] . The distance at which the intensity of the electric field decreases to a value of 1/e of its initial value is commonly called the "skin depth" inside the metal, and the "decay length" in the dielectric/vacuum surrounding the metal [2] . Knowledge of the decay length is of great importance in certain SP applications, such as in the design of substrates for SERS measurements that take advantage of the enhancement of the electric field between two neighbouring nanoparticles [32, 33] .
The SP decay length D has been measured from the EFTEM data by plotting the intensity of the energy-loss signal as a function of perpendicular distance from the nanorod axis, for all the maxima visible in the modes discernible in the EFTEM series (Fig. 2) . The values obtained for the decay length are plotted in Fig. 4 as a function of the energy loss. The value of the decay length at 0.9 eV is based on a mean value measured for the 0.9 eV image. However this is only an approximate determination as this image is particularly prone to the effect of non-isochromaticity which although small (0.06 eV) leads to an intensity ramp across this image as seen in Fig. 2 . As such, the value is shown in grey. The dashed grey line is a guide to the eye fitted taking into account all the measured decay lengths (including the approximate value obtained for the 0.9 eV measurement) and in accordance with the 1/E trend predicted by Egerton for very low loss spectral features [34] . If the 0.9 eV measurement is excluded we find the average decay length D to be 33 ± 8 nm in agreement with values reported previously [2] . Further studies on the energy dependency of the decay length are being undertaken.
The decay of the nanorod tip excitation
The study of how SP waves behave at discontinuities (in this case the ends of the nanorod) is especially important, as discontinuities can act as emissions centres of electromagnetic radiation in nano-antennae. The EFTEM data seen in Fig. 2 reveals an intriguing behaviour of the tip excitation as a function of SP mode. We define the intensity of the excitation as the area of a Gaussian profile fitted to the energy-loss peak of a particular mode in an electron energy-loss spectrum, as seen in Fig. 1(b) ; the Gaussian fitting procedure was performed after removal of the background (modelled as a power law function). Both fitting procedures are part of the Gatan Digital Micrograph EELS Development package. The selected-area spectra have been acquired from the areas shown in Fig. 1(a) in blue and red. The diameter of the selected-area circles is 105 ± 3 nm. The intensity measured from equivalent areas of the two ends of the nanorod, spectra in blue and red of Fig. 1(b) respectively, for the different modes in Fig. 2 , follows an exponential decay as plotted in Fig. 5 . At present it is not known why the exponent should equal −2 but work is on-going to see if this is a universal number across silver nanorods of different lengths and aspect ratio. Fig. 1(b) in blue and red) at the right tip (red circles) and left tip (blue circles) of the nanorod as a function of energy loss. It is clear that the intensity follows an exponential decay, with exponent of approximately −2. The error in the measurement of intensity is not shown as it is smaller than the size of the markers.
Observations of λ sp -compression
As emphasized throughout this paper, EELS based techniques can access spatial details of SP resonant modes at the nanoscale. Taking a close look at the SP standing wave features that appear at different energies in the EFTEM series reported in Fig. 2 , we observe that, in contrast with the classical case of a standing wave in one dimension, the wavelength, for a given mode, is not constant throughout the length of the nanorod. This is illustrated in Fig.  6(a) , where the m = 6 mode of Fig. 2 is annotated with the measurements of the antinode spacing, i.e. the half-wavelength λ sp /2. For all observed modes in the EFTEM series the spatial wavelength λ sp has a 'relaxed' value in the central region of the nanorod and is compressed to lower values as the SP wave approaches the end of the nanorod. Fig. 2 showing that for a given energy, i.e. for a given resonant mode, the wavenumber k does not have a unique value. Data points indicated in red correspond to the spacing between antinodes (maxima of intensity), whereas data points indicated in black crosses correspond to nodes (minima of intensity). The numbers in brackets indicate the mode number m. The dashed grey lines are a guide to the eye.
This effect of λ sp -compression, or "antinode bunching", has also been observed by Rossouw et al. [15] in scanning TEM -EELS (STEM-EELS) experiments on silver nanowires on ultrathin carbon films. An overview of this "λ sp -compression" effect, observable in our EFTEM experiment, for all modes, is reported in Fig. 6(b) , where the energy E is plotted as a function of the wavenumber k measured from the data of Fig. 2 . The graph in Fig.  6(b) shows how, for a given energy, the wavenumber k has a range of values, highlighting the variation of the wavelength λ sp throughout the length of the nanorod. The value of k varies from the lowest, "relaxed", value (i.e. the highest half-wavelength λ sp /2 distance between maxima in intensity of the energy loss signal) close to the centre of the nanorod, to higher values of k moving away from the centre, towards the ends of the nanorod. Notice also that the antinode with the maximum signal corresponds to the one nearest to, but not at, the end of the nanorod.
The plot in Fig. 6(b) shows the values of k subdivided between those measured as the distance between two adjacent antinodes as red circles and those measured as the distance between two adjacent nodes as black crosses. Note the presence of an antinode excitation at the end of the nanorod throughout the energy loss range.
We speculate that this effect of λ sp -compression is induced by the reflection mechanism of the SP wave at the ends of the nanoparticle, being dependent on the size and shape of the ends, on the surrounding medium outside the ends and, at a more atomistic level, on the surface-electron scattering. BEM simulations on finite silver nanorods, that take into account these parameters, and the building of a full theoretical model of such an effect, are currently being undertaken and will be the subject of a future publication.
Conclusions
Direct mapping of surface plasmon standing waves on a silver nanorod has been achieved using energy-filtered TEM. The use of a parallel monochromated electron beam has enabled the analysis of SP resonance with high spatial, and high energy, resolution. EFTEM maps have been used to observe and measure important and novel physical properties of SP resonant modes of metal nanoparticles. Comparison between experimental data and full electrodynamics simulations of a silver nanorod sitting on a silicon nitride membrane has revealed how important it is to include retardation and substrate effects in understanding fully the nature of a given SP resonant mode of the nanorod. The measurement of the decay length of a SP, the energy-dependent amplitude excitation at the ends and the analysis of λ spcompression show how EELS-based techniques (EFTEM in this case) can reveal fine-scale spatial features that are difficult to determine with other methods and can lead to a greater understanding of the nanoscale physics underlying SP resonant modes of metallic nanoparticles.
